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MoCA Montreal Cognitive Assessment MRA magnetic resonance angiography MRI magnetic resonance imaging SWI susceptibility weighted imaging TBSS tract-based spatial statistics TFCE threshold-free cluster enhancement TGV total grey volume TIV total intracranial volume; WMH white matter hyperintensity.
Introduction
Cognitive dysfunction is a mental-health deficit that affects millions of people worldwide.
The burden of cognitive dysfunction has increased in China with the aging of the population and lifestyle changes. 1 Early identification of risk factors for cognitive dysfunction is necessary for prevention and treatment. Recently, cerebral microbleeds (CMBs), detected by susceptible magnetic resonance imaging (MRI) sequences, have been recognized as an independent risk factor for cognitive dysfunction with a high prevalence in the population (5−21%). 2 CMBs increase the risk of stroke, gait disturbance, depression, and mortality. [3] [4] [5] [6] Cross-sectional and prospective studies of mainly Western populations provide evidence that CMBs are associated with both mild cognitive impairment (MCI) and dementia. 7, 8 The association between CMBs and cognitive dysfunction varies depending on the location of the CMBs. Some research shows lobar CMBs increase the risk of cognitive dysfunction, 9 and there also is substantial research showing an association between deep CMBs and cognitive dysfunction. 10 The underlying mechanisms by which CMBs in various locations induce cognitive dysfunction may differ based on different vasculopathy characteristics. Research indicates lobar CMBs have a pathological basis similar to Alzheimer's disease (AD) and they are more common in patients with AD. 11 However,
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limited evidence precludes a hypothesis about deep CMBs. Thus, the pathway between deep CMBs and cognitive dysfunction requires more investigation.
In this study, we investigated the relationship between the location of CMBs and cognitive dysfunction in a rural Han Chinese population, and explored the potential neurodegenerative pathways of CMB-related cognitive dysfunction using multimodal imaging assessments.
Methods

Study population
The participants in this study were selected from the baseline population of the Taizhou Imaging Study (TIS). The TIS is an ongoing population-based, neuroimaging study in China that is nested within the Taizhou Longitudinal Study (TZL). 12 In 2013, two villages (Hutou and Lubao) that had the highest TZL response rates were selected to be involved in the TIS. 
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2013 and January 2015. All the examinations and assessments for each subject were conducted on the same day. Supplementary Figure 1 shows the procedure for selecting the study sample. The TIS was approved by the Ethics Committee of the School of Life Sciences, Fudan University, Shanghai, China (Institutional Review Board approval number 469).
Written informed consent was obtained from each participant before data collection.
MRI acquisition and assessment of cerebral small vessel diseases
All 562 participants underwent a brain MRI examination on the same 3.0T scanner (Magnetom Verio Tim scanner; Siemens, Erlangen, Germany) in Taizhou People's Hospital following a predetermined protocol. The set of MRI sequences included: T1-weighted;
T2-weighted; fluid attenuated inversion recovery (FLAIR); T2 * -weighted gradient recalled echo (GRE); proton density-weighted imaging (PDWI); perfusion-weighted imaging (PWI); diffusion tensor imaging (DTI); and time of flight (TOF) 3D magnetic resonance angiography (MRA). The specific parameters of each sequence are listed in Supplementary Table 1 .
Cerebral small vessel diseases (CSVDs) were diagnosed based on the Standards for
Reporting Vascular Changes on Neuroimaging (STRIVE) criteria proposed in 2013. 13 CMBs were defined as round-or ovoid-shaped local signal loss on the T2 * -weighted GRE sequence.
The diameters of the CMBs were usually 2−5 mm and generally no more than 10 mm. The 
MRI quantitative analysis and post-processing
Original images were preprocessed using MRIConvert software (version 2.1.0). Freesurfer version 6.0.0 (http://surfer.nmr.mgh.harvard.edu/fswiki/) was used to evaluate the volume and thickness of brain regions. Data from 35 of the 562 participants (6.2%) were discarded because of motion artifacts and extreme outliers to maintain imaging quality control. The brain parenchymal fraction (BPF) was defined as the ratio of brain parenchymal volume to total intracranial volume (TIV). TIV, BPF, and total grey volume (TGV) were used to estimate global brain atrophy.
Diffusion images were processed using FMRIB Software Library (FSL) version 5.0 Table 2 ). In our study, 109 participants involved between April 2014 and January 2015 did not complete the MoCA. When we compared the characteristics of the participants with and without MoCA scores, we found no significant difference between them except for hypertension and hyperlipidemia ( Supplementary Table 3 ). As these risk factors were adjusted for in the statistical analyses, we assumed the remaining 453 participants with
MoCA scores were representative of the entire study sample.
Blood pressure (BP) was measured in the sitting position after being seated for 10 min in a quiet room; BP was measured twice to obtain an average. Hypertension was defined as blood pressure ≥140/90 mmHg, a previous diagnosis of hypertension, or use of antihypertensive drugs. Serum fasting glucose, total cholesterol (TC), triglycerides (TG),
high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol
(LDL-C) were assayed by the same automatic biochemical analyzer (TBA-40FR; TOSHIBA Corp., Tokyo, Japan). Diabetes was defined as a fasting plasma glucose level ≥7.0 mmol/L, a previous diagnosis of diabetes, or use of antidiabetic drugs. Hyperlipidemia was defined as a plasma level of total cholesterol ≥5.2 mmol/L, triglycerides ≥1.7 mmol/L, a previous diagnosis of hyperlipidemia, or use of lipid-lowering drugs.
Statistical analyses
All statistical analyses were performed using SPSS v19.0 (SPSS Inc., Armonk, NY, USA) and R software (Version 3.3.3). Continuous variables are presented as means and standard as an ordinal variable. Multiple linear regression was used to assess the associations of brain volume and thickness with CMBs, using brain-region volumes and thickness as dependent variables, i.e., y = α+β 1 x 1 +β i x i +ε, where y = brain region volume or brain region thickness, x 1 = CMBs in different locations, and x i = covariates. Poisson regression was used to estimate the net effect of thalamic volume on the presence of deep/mixed CMBs, i.e., log(E(Y|x 1 )) = α+β 1 x 1 +β i x i +ε, where y = thalamic volume, x 1 = deep/mixed CMBs, and x i = covariates. The unit of brain region volume was defined as cm 3 . Different covariates were adjusted in different regression models, including age, sex, smoking (no/yes), drinking (no/yes), hypertension (no/yes), diabetes (no/yes), hyperlipidemia (no/yes), and TIV (see figure legends for details). As lacunes and WMHs were not significantly associated with cognitive dysfunction or brain region atrophy in this study, we therefore did not treat them as confounding variables in our analyses. Differences were considered to be statistically
Results
Characteristics of the study sample
The baseline characteristics of the 562 participants are described in Compared to participants without CMBs, those with CMBs were more likely to be older, women, and have hypertension (P < 0.05). These associations differed by the CMB location.
Only the prevalence of hypertension was significantly higher in the deep/mixed CMBs group, whereas lobar CMBs were significantly related to age and sex (P < 0.05). CMBs were strongly correlated with other types of CSVDs, such as LAC and WMHs, regardless of CMB location (P < 0.05). There was no significant association between CMBs and other risk factors. 
CMBs and brain region volumes
Brain atrophy was a major finding of the brain MRI for cognitive dysfunction. Previous studies have demonstrated that several brain regions are atrophied in AD patients with cerebral amyloid angiopathy-related CMBs. 19 Although we found no correlation between global brain atrophy (TIV, TGV, and BPF) and CMBs ( Table 1) , we further examined the relationships between CMBs and specific brain-region volumes ( Table 3) . The presence of CMBs (both deep/mixed and lobar) was significantly associated with smaller thalamic
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volume in the linear regression models, adjusting for age, sex, smoking, drinking, hypertension, diabetes, hyperlipidemia, and TIV. Strictly lobar CMBs were associated with decreased volumes in AD signature regions, including the hippocampus, thalamus, and amygdala. However, the volume and thickness of the main cortical lobes were not significantly decreased in the CMBs groups, regardless of CMB location ( Table 3 and Supplementary Table 5 ). Moreover, decreased thalamic volume was associated with an increased probability of the presence of deep/mixed CMBs in the Poisson regression model Figure 2) . We also found decreased thalamic volume was correlated with severe cognitive dysfunction ( Supplementary Table 6 ). The effects of thalamic volume on cognitive dysfunction were presented in different conditions (with and without CMBs) in Supplementary Table 7 . 
(Supplementary
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Deep/mixed CMBs and white matter fiber tract integrity
Decreased integrity of white matter fiber tracts is another contributing factor to cognitive dysfunction. To explore the underlying association between deep/mixed CMBs and global cognitive dysfunction, we used TBSS to compare the integrity of the white matter fiber tracts of participants with no CMBs to those with deep/mixed CMBs (Figure 1) . The FA value of bilateral anterior thalamic radiations (ATR) was significantly decreased in the deep/mixed CMBs group, compared with the no-CMBs group, after adjusting for the covariates (P < 0.05) ( Table 4 ). In addition, the right superior longitudinal fasciculus was observed with small voxels; the P-value was not statistically significant, which suggests limited clinical significance ( Table 4 ).
Figure 1 Clusters with decreased fractional anisotropy (FA) values in the deep/mixed cerebral microbleeds (CMBs) group compared to those without CMBs
Abbreviations: L, left; R, right. 
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Discussion
This study assessed the relationship between CMBs at different locations and global cognitive dysfunction. We found CMBs, particularly deep/mixed CMBs, were associated with cognitive dysfunction. Moreover, deep/mixed CMBs had a significant relationship with decreased thalamic volume and decreased FA values of anterior thalamic radiations. These findings have the potential to illuminate the mechanism underlying the association between deep/mixed CMBs and cognitive dysfunction. and decline in global cognitive function. 10 However, several studies suggest lobar CMBs are related to cognitive dysfunction, 9, 25 but this relationship was not observed in our study. This negative result might be due to the relatively small sample size. Unlike deep CMBs, β-amyloid deposition is the basic pathological characteristic of lobar CMBs. Lobar CMBs in our study were associated with decreased volume in AD-related regions (i.e., the hippocampus, thalamus, and amygdala), which is in line with the results of the Atherosclerosis Risk in Communities (ARIC) study. 26 The association between deep/mixed CMBs and cognition has been confirmed by numerous studies, but the underlying mechanisms remain unclear. Hypertensive arteriopathy
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is thought to induce neurodegenerative diseases by decreasing blood flow and impairing vascular autoregulation. 27 Thus, deep/mixed CMBs are likely to be downstream lesions of cerebral angiopathy and affect cognitive function together with widespread cerebral small vascular diseases. However, some research shows deep or mixed CMBs in specific regions can strategically impair particular cognitive domains. 24, 28 One reasonable hypothesis is that CMBs cause cognitive dysfunction by damaging surrounding structures or significant connective fibers. 29 Our results support this hypothesis in that we found deep/mixed CMBs were associated with both decreased thalamic volume and damaged thalamocortical tracts, which represents local necrosis resulting from nearby CMBs. Given our findings, it is reasonable to suppose the thalamus is involved in deep/mixed CMB-related cognitive dysfunction.
The thalamus is an important structure regulating sensory and motor function, cognition, and consciousness throughout the entire projection system. Thalamic lesions (e.g., atrophy, infarcts, and trauma) can lead to cognitive dysfunction in several domains. 30, 31 The Epidemiology of Dementia in Singapore (EDIS) study found smaller thalamic volume was significantly associated with lower cognitive functioning in non-demented, community-dwelling individuals. 32 A subcortical atrophy pattern (including the thalamus, striatum and cerebellum) appears to be involved in the network decline of memory and executive function in late-onset AD patients. 33 This relationship was also identified in our study. Moreover, the integrity of functional connectivity and microstructure within the thalamus is significant for normal cognitive functioning, 34 which will be detailed in the 
dysfunction by destroying the surrounding ATR, which is consistent with the viewpoint described earlier.
In this study, we highlight the role of thalamocortical connectivity in deep/mixed CMB-associated cognitive dysfunction, which provides a new direction for the study of CSVDs. Multimodal MRI assessments of brain volume and fiber tract integrity may help us understand the associations among CMBs, thalamic lesions, and cognitive dysfunction.
Several limitations of our study need to be mentioned. First, the sequence we used to identify CMBs was not sensitive enough for evaluating quite small lesions. Considering this limitation, a susceptibility weighted imaging (SWI) sequence with higher resolution (0.7 × 0.7 × 1.5 mm) was used in our following research. Second, the study participants were selected using the TIS baseline data. As causal inferences cannot be drawn from cross-sectional designs, we cannot conclude there are causal relationships among CMBs, the thalamus, and cognition. We are currently expanding the TIS and following all the participants longitudinally to establish solid associations between CMBs, MCI, and dementia.
Third, the measures of cognitive function we used have limitations. Given the high sensitivity and specificity of the MMSE and MoCA, they provide reasonable estimates of global cognitive function; however, more specific neuropsychological measures of different cognitive domains are needed in future studies. And finally, our study focused on a population 55 to 65 years old, so most of the sample was middle-aged and had a low prevalence of age-related chronic diseases. This choice of age-range represents a compromise:
the participants were old enough to exhibit pre-dementia, yet young enough for initial
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assessments to be made before the incipient disease had a material impact. In general, the TIS provides an invaluable resource for exploring environmental and genetic risk factors for stroke and dementia by measuring numerous variables (including brain MRI, carotid artery ultrasound, and cognitive function) for each participant. As the time frame of the study is extended, we expect to discover evidence-based causal relationships over decades.
Conclusion
Deep/mixed CMBs were associated with global cognitive dysfunction in a rural Han Chinese population (age 55-65 years), which might have resulted from disruption of thalamic connectivity. A longitudinal cohort study using a larger sample size is warranted to confirm our findings.
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